Methods

ESCAPE Trial
The ESCAPE trial assessed the effectiveness of right heart catheterization in hospitalized patients with severe symptomatic heart failure. Patients had to have left ventricular ejection fraction ≤30%, 3 months of symptoms despite ACE-inhibitor and diuretic therapy, a systolic blood pressure ≤125 mm Hg, and at least 1 sign and 1 symptom of congestion. Of the 433 patients randomly assigned, 215 were assigned to the pulmonary artery (PA) catheter arm. The trial was conducted in the United States and Canada between 2000 and 2003 at 26 sites. The primary results of the trial have been published. 7 The protocols were approved at each site, and written informed consent was obtained from all patients before randomization. This analysis was conducted with a public release of the ESCAPE database.
Right Heart Catheterization and Hemodynamic Classification
The sites participating in ESCAPE were selected for known expertize in invasive monitoring and clinical management of patients with heart failure. Paper printouts were used for hemodynamic measurements. Cardiac output was measured by thermodilution in triplicate. In this analysis, we assessed both the initial hemodynamics and the final hemodynamics at right heart catheter removal. The average length of time the right heart catheter was in place was 1.9 days. We excluded 3 patients attributable to measurements that were extreme outliers possibly because of erroneous data entry: 2 with baseline RAPs of 71 and 85 mm Hg, respectively, and 1 with PCWP of 0 mm Hg. Subjects were classified into tertiles of the RAP/PCWP ratio: 0.27 to 0.40 (tertile 1); 0.41 to 0.61 (tertile 2); and 0.62 to 1.21 (tertile 3).
Echocardiography
Details of components of the echocardiographic examination in ESCAPE have been published. 8 In brief, echocardiograms were performed within 24 hours of right heart catheterization. Echocardiograms were analyzed at the core center at the University of Texas Southwestern Medical Center. Measurements were performed offline by a single sonographer or physician in accordance with the criteria of the American Society of Echocardiography and were made in triplicate and averaged. Measurements were obtained from the apical 4-chamber view (right atrial area, right ventricular [RV] area at end-diastole and end-systole, left atrial area, mitral regurgitant color jet area, and left ventricular end-diastolic and end-systolic volumes by Simpson method of discs) and subcostal view (inferior vena cava size in inspiration and expiration). Derived measures included left ventricular ejection fraction, RV fractional shortening ([RV area diastole−RV area systole]/RV area diastole), and the ratio of the mitral regurgitant color jet area/the left atrial area.
Variable Definitions
Creatinine clearance was estimated by the Modification of Diet in Renal Disease equation. 9 Transpulmonary gradient was calculated as the difference between mean PA and PCWP. Pulmonary vascular resistance (PVR) was calculated as transpulmonary gradient/ cardiac output. RV stroke work index was calculated as follows: (cardiac index/heart rate)×(mean PA pressure−mean RAP)×13.6. Pulmonary compliance was calculated as stroke volume/(PA systolic pressure−PA diastolic pressure). 
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Statistics
Results
The distribution of the RAP/PCWP ratio is shown ( Figure 1 ). The median (interquartile range) was 0.50 (0.37, 0.68). The RAP was significantly correlated with the PCWP (r=0.59; P<0.001). The RAP/PCWP ratio measured on the initial hemodynamics was significantly correlated to that measured at the time of right heart catheter removal (r=0.49; P<0.001). Of subjects with baseline RAP/PCWP tertile 1, 12% had shifted to RAP/PCWP tertile 3 when hemodynamics were reassessed before right heart catheterization removal. Similarly, 11% of subjects with baseline RAP/PCWP tertile 3 shifted to final RAP/PCWP tertile 1 ( Table 1) .
Relationship of Baseline Characteristics and Renal Function to RAP/PCWP Ratio
Baseline characteristics are shown by tertile of RAP/PCWP (Table 2) . Increasing RAP/PCWP was associated with impaired renal function as evidenced by a higher baseline creatinine and BUN and a lower creatinine clearance. Increasing RAP/ PCWP was also associated with the maximum in-hospital BUN (28, 33, 40 mg/dL), discharge BUN (25, 34, 35 mg/dL), and discharge creatinine (1.2, 1.5, 1.6 mg/dL), respectively (P≤0.005 for all). Increasing RAP/PCWP was also associated with signs of right-sided heart failure including elevated jugular venous pressure, ascites, and peripheral edema. In Figure 1 . The distribution of the RAP/PCWP ratio in the study cohort. PCWP indicates pulmonary capillary wedge pressure; and RAP, right atrial pressure.
contrast, there was no association of elevated RAP/PCWP with orthopnea and other clinical predictors associated with worse outcomes such as New York Heart Association class and systolic blood pressure.
Relationship of Invasively Measured Hemodynamics to RAP/PCWP Ratio
Invasively measured hemodynamics ( 
Relationship of Echocardiographic Parameters to RAP/PCWP Ratio
Echocardiographic parameters are shown among tertile RAP/PCWP at baseline ( Figure 2 ). Subjects with a higher RAP/PCWP ratio had echocardiographic markers of RV dysfunction, including a larger right atrial area, RV area in both systole and diastole, and a larger inferior vena cava both in inspiration and expiration. 
Relationship of RAP/PCWP Ratio and Outcome
The association of the baseline and final RAP/PCWP with 6-month outcome (Table 4) is shown. In the whole cohort, increasing baseline RAP/PCWP was associated with death or hospitalization (days) in a model adjusted for 6-minute walk, systolic blood pressure, BUN, and PCWP. The correlation between RAP/PCWP and PCWP was statistically insignificant, and thus multicollinearity was not an issue. Data are presented as number (% of subjects within baseline RAP/PCWP tertile who were within denoted final RAP/PCWP tertile). PCWP indicates pulmonary capillary wedge pressure; and RAP, right atrial pressure. In the subgroup of subjects who had elevated PCWP (≥22 mm Hg), increasing baseline RAP/PCWP was associated with death or hospitalization (days) both in univariate and multivariable analysis. In analyses in which the final RAP/ PCWP ratio was substituted for the baseline RAP/PCWP, qualitatively similar associations with outcome were noted. In our secondary analysis using 6-month mortality as the outcome, the event rate in increasing baseline RAP/PCWP was 16% (tertile 1), 21% (tertile 2), and 29% (tertile 3); P=0.09. 
Discussion
Although right ventricular and left ventricular filling pressures are significantly correlated in patients with advanced heart failure, there is a large distribution of the RAP/PCWP ratio. The basis for the variability of this trait (RAP/PCWP ratio) is not well understood, nor is its prognostic use. In the ESCAPE trial, which enrolled patients with advanced heart failure selected for signs and symptoms of congestion, most of whom had elevated PCWPs, increasing RAP/PCWP ratio resulted from increasing RAP. Subjects with a low RAP/ PCWP ratio had better RV function as assessed by several echocardiographic measures (including smaller right atrial and RV area) and by the RV stroke work index, whereas those with a higher RAP/PCWP ratio had a higher PVR. Additionally, an elevated RAP/PCWP ratio was associated with a lower cardiac index and impaired renal function at baseline and with a worse outcome at 6 months. Whether the RAP/PCWP ratio is a stable and reproducible parameter in patients with heart failure is not well known. In the CTRD, there was a significant correlation (r=0.33) of the RAP/PCWP ratio when measured at least 1 day apart (median time, 188 days). 4 In the present study, we confirmed this finding in patients with decompensated, advanced heart failure. In the ESCAPE trial, the correlation between ratios of RAP/PCWP measured ≈1.9 days apart was 0.49 (P<0.001). Additionally, there was relatively little shifting (11%-12% of subjects) between tertiles 1 and 3 from baseline to final hemodynamic assessment. Together, these data suggest that the RAP/PCWP ratio does, in part, reflect an underlying intrinsic trait in patients with advanced heart failure.
The RAP/PCWP ratio can be influenced by changes in either the RAP or the PCWP. In the ESCAPE trial, a high RAP/PCWP occurred on the basis of an elevated RAP rather than a reduced PCWP (Table 3) . In addition to a higher measured RAP, subjects in the highest tertile of RAP/PCWP ratio also had clinical findings that provided confirmation of an elevated RAP, including more severe peripheral edema and ascites, and an elevated jugular venous pressure. In contrast, in the CTRD, subjects in the highest quartile of RAP/PCWP ratio not only had the highest RAP but also they had the lowest PCWP. 4 This difference is likely attributable to the selection of patients for the ESCAPE trial on the basis of signs and symptoms of congestion.
To our knowledge, only 2 prior studies have attempted to determine characteristics associated with the relationship of the RAP to PCWP in patients with heart failure. 4, 5 In a cohort of patients with advanced heart failure undergoing cardiac transplant evaluation, female sex was the only characteristic found to be associated with the RAP to PCWP relationship, as assessed by 4 categories based on whether the RAP was ≥10 mm Hg and PCWP ≥22 mm Hg. 5 In the present study, female sex was not associated with RAP/PCWP ratio. Also in contrast to the present study, renal dysfunction, PVR, cardiac index, and echocardiographic assessment of RV dysfunction were not significantly different among the 4 hemodynamic profiles in the prior study. 5 We postulate that this difference is in part based on the analytic approach used; ie, a hemodynamic classification based on dichotomous values of RAP and PCWP or via the RAP/ PCWP ratio. Nevertheless, both studies demonstrated significant variability in the relationship of right-and left-sided ventricular filling pressures in patients with advanced heart failure.
In the CTRD, increasing quartile of RAP/PCWP was associated with younger age, female sex, etiology of cardiomyopathy other than idiopathic or ischemic, increased number of prior sternotomies, higher PVR, lower CI, and lower creatinine clearance. 4 In the present study, age was not associated with the RAP/PCWP ratio. This difference may be attributable to inclusion of a broader range of patients in the CTRD (eg, complex congenital heart disease) than in the ESCAPE trial. In the ESCAPE database, the number of prior sternotomies was not captured. The present study confirmed the association of increasing RAP/PCWP with declining renal function, reduced cardiac index, and higher PVR first reported in the CTRD, 4 indicating that these associations warrant further discussion. Increasingly, it is recognized that systemic venous congestion is an important contributor to the cardiorenal syndrome. 11, 12 In the ESCAPE trial, an elevated RAP previously was shown to be weakly correlated with baseline renal function 13 consistent with the findings of the present study. Here we show that impaired renal function was prominent when rightand left-sided ventricular filling pressures began to approximate one another. In such subjects, pericardial constraint may lead to exaggerated diastolic ventricular interaction. 14, 15 This pathophysiology may mediate the reduction in cardiac index associated with increasing RAP/PCWP ratio. A disproportionately elevated RAP in relationship to the PCWP may therefore represent one hemodynamic signature of patients with advanced systolic heart failure and cardiorenal syndrome and suggests that consideration of the right-left relationship may be important when choosing therapeutic strategies for treating congestion in heart failure.
The RAP/PCWP ratio also seems to have important relationships to the pulmonary vasculature and the performance of the right ventricle. Increasing RAP/PCWP ratio was found to be a marker for RV failure manifested by an enlarged right atrial area, enlarged RV area (both in systole and diastole), and a lower RV stroke work index. The RAP/PCWP ratio was not associated with left ventricular volumes, ejection fraction, or severity of mitral regurgitation, further emphasizing that this ratio reflected RV performance. The hemodynamic data also suggest that the RAP/PCWP ratio was related to changes in the pulmonary vasculature because increasing RAP/PCWP ratio was associated with a higher PVR, despite a similar PCWP in each tertile. It is well known that there is variability in the increase of the PA pressure and PVR in response to an elevated PCWP in patients with heart failure. The basis of this variability is not yet well understood, 16 but pulmonary hypertension is now being tested as a therapeutic target in patients with heart failure. 17 We hypothesize that an exaggerated response in the pulmonary vasculature in response to an elevated PCWP (ie, an increased PVR) is a proximal pathophysiological event, leading to RV dysfunction and subsequently an increased RAP/PCWP ratio. Studies with serial imaging and hemodynamic assessments are needed to test this hypothesis.
Whether the RAP/PCWP ratio is associated with outcome in patients with heart failure has not previously been investigated to our knowledge. A high RAP/PCWP ratio was associated with worse outcomes in patients with advanced heart failure who underwent left ventricular assist device implantation 6 or transplantation. 4 An elevated jugular venous pressure, consistent with a high RAP, has been shown to be an independent risk factor for outcome in patients with New York Heart Association class II-III heart failure. 18 In the ESCAPE trial (Table 4) , a high baseline RAP/PCWP ratio was associated with adverse events at 6 months as assessed by the primary outcome of the ESCAPE trial (number of days alive outside the hospital), but not with crude mortality. A lack of association with mortality may represent limited power, given that a higher RAP/PCWP ratio was associated with markers of RV dysfunction and with impaired renal function, both well-known risk factors for adverse outcomes in heart failure. [19] [20] [21] [22] The final RAP/PCWP ratio was similarly associated with the primary ESCAPE outcome. The association of increasing RAP/PCWP ratio with outcome was more consistent in those with a PCWP≥22 mm Hg, highlighting the importance of assessing this ratio in patients who have elevated left-sided ventricular filling pressures. Overall, these findings reinforce the importance of RV function in patients with advanced heart failure.
Limitations
This was a retrospective analysis. The associations of RAP/ PCWP with death and hospitalization did not reach conventional levels of statistical significance in all models, perhaps, because the overall size of the cohort in ESCAPE who underwent right heart catheterization was relatively small. As such, the prognostic use of the RAP/PCWP ratio needs to be validated in other, larger data sets.
Conclusions
In patients with advanced heart failure selected for signs and symptoms of congestion, there was a wide distribution in the RAP/PCWP ratio. A high RAP/PCWP ratio was associated with a high RAP, underlying RV dysfunction in the setting of an elevated PVR, and was an adverse prognostic finding associated with impaired renal function and a worse 6-month outcome.
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